ABSTRACT
acteristics and spatial orientation. Therefore, the main aim in treatment of radius diaphyseal fractures is maintaining axial and rotational stability and preserving bone length. [3] [4] [5] Consensus exists regarding surgical treatment of displaced isolated radius diaphyseal fractures, [1] [2] [3] [4] [5] with open reduction, and plate and screw osteosynthesis accepted as the gold standard. However, there are disadvantages to plate and screw osteosynthesis, including cosmetic problems, soft tissue injury, neural injury, evacuation of fracture hematoma, and impairment of periosteal blood flow due to periosteal stripping. [1] [2] [3] Early reports of intramedullary nailing treatment of forearm fractures described high non-union rates and unsatisfactory rotational stability, as a result of which, nailing was not a preferred method. However, the new design of intramedullary radius nails provides satisfactory functional and clinical outcomes, and the treatment method has come to be used more widely. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 
INTRODUCTION
Fractures of the radius that occur without fracture of the ulna are not common, due to the protective position of the ulna in direct trauma, and the abundance of protective muscle and soft tissue mass around the radius. [1] [2] The forearm bone should be considered intra-articular due to functional char-
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The aim of the present study was to evaluate functional outcomes and efficiency of newly designed intramedullary radius nails in the treatment of adult isolated diaphyseal radius fractures.
MATERIALS AND METHODS
Patients who had undergone intramedullary nailing for isolated radial diaphyseal fracture were included. Informed consent was preoperatively obtained, and approval was granted by the institutional review board. Anteroposterior (AP) and lateral direct forearm radiographs were obtained on first admission following trauma. Fractures were classified according to As Bone union was evaluated according to lateral and AP radiographs obtained at final follow-up examination. Cortical trabeculation, formation of callus, radiologically observed disappearance of the fracture line, and clinical loss of tenderness with palpation over the fracture line were accepted as bone union. Absence of signs of union at the 6 th month was accepted as non-union. Angulation >10º, shortening, and rotational deformities were accepted as melanin.
Maximum radial bowing (MRB) and maximum radial bowing localization (MRBL) were determined on radiography obtained on first admission and after bone union for both arms (Fig. 1 ). Radiological and clinical evaluation of patients with implant removal was performed prior to removal.
Hand grip strength of patients with union was evaluated with a hydraulic hand dynamometer (SH5001; Saehan Inc., Masan, South Korea). Separate measurements were taken for treated and healthy forearms with the patient in a seated position, with neutral shoulders and abduction, neutral forearm and wrist, and with the elbow in 90º flexion. In order to prevent muscle fatigue, measurements were taken at 3-minute intervals, and the average of 3 values was accepted as grip strength. Wrist, forearm, and elbow joint ranges of motion were measured with a goniometer. Functional evaluation incorporated Grace-Eversman evaluation criteria and Disabilities of the Arm, Shoulder, and Hand (DASH) questionnaire score. [19] 
Surgical Technique
Surgeries were performed with the patient in supine position. Radiolucent arm support was situated under the injured extremity. General anesthesia was applied to 12 (70.59%) patients and regional anesthesia to 5. Cefazolin (2 gr) was intravenously administered 30 min prior to surgery. C-arm fluoroscopy was positioned on the fracture side to aid in reduction evaluation. Preoperative AP and lateral x-rays were used to ensure appropriate nail selection. Radial nail length was calculated by subtracting 3 cm from the distance between the radial styloid and the radial head proximal end. Appropriate nail diameter is selected with consideration of the narrowest inter-cortical distance on AP and lateral radiographs. A 10% margin of error (due to incorrect imaging) must be kept in mind while evaluating radiographs, and a range of nail sizes should be available during surgery. Closed reduction with fluoroscopic guidance was achieved in all patients. When stability was ensured with closed reduction, closed surgery was performed. At a minimum 1 cm proximal of the distal joint of the radius, a 1-1.5-cm longitudinal incision was made from the dorsolateral part of the distal metaphysis (lateral to Lister's tubercle). The extensor carpi radialis longus and brevis tendons were located. The extensor carpi radialis brevis tendon sheath was longitudinally exposed with blunt dissection. First entry was performed with use of awl vertical to the radial metaphysis in the second extensor compartment. Depending upon experience and preference of the surgeon, the first, second, or fourth extensor compartments can be used as first entry point. First entry point was widened with bent awl targeting the medullary cavity. Radius nail was advanced with radius holder using rotational movements. Closed reduction was applied when nail tip reached the fracture line. Following closed reduction, the intramedullary position of the nail was verified with fluoroscopy. The distal end of the nail was advanced until full contact was made with the metaphyseal cortex, and static distal locking was performed. Passive rotational range of motion of the forearm must be evaluated following fixation.
Design of the Radius Nail
Radius nails are made of titanium alloys (TST Rakor Tıbbi Aletler San. ve Tic. Ltd., İstanbul, Turkey). A radius nail is solid and round, with a parabolic shape that angulates 10º toward the anterior in the 3-cm proximal section. It has a distal static locking screw and provides stability on the principle of 3-point fixation (Fig. 2) . The distal static locking screw provides locking with 17º of proximal and volar angle. This angle prevents the screw from directing toward the distal joint surface of the radius. The distal locking screw is 2.7 mm in diameter and has length options of 16, 18, 20, 22 , and 24 mm. The same nail can be used for both the right and left sides. Nail diameter may be 3, 3.5, or 4 mm, and length may be 18, 19, 20, 21, 22, 23, or 25 cm. They are used unreamed. 
Statistical Methods
SPSS software (version 20.0; SPSS Inc., Chicago, IL, USA) was used to analyze data. Data were expressed as number, percentage, mean, and SD. Kolmogorov-Smirnov test was used to assess normal distribution of variables. Spearman's correlation analysis was used to detect correlation between parameters. Relationship between grip strength, pronation, and supination of the treated and uninjured forearms was evaluated using Mann-Whitney U test. Spearman's correlation coefficient was used to analyze correlation between grip strength, pronation, and supination of the treated and uninjured forearms. A value of p<0.05 was considered statistically significant.
RESULTS
Of the 17 adult patients with isolated radius diaphyseal fractures evaluated, 11 (64.7%) were male, and 6 (35.3%) were female, with a mean age of 35.76 years (range: 23-61 years). According to AO/ASIF classification, 13 (76.4%) patients had Type A fractures, and 4 (23.6%) had Type B fractures. Cause of fracture was a fall in 12 (70.59%), traffic accident in 3 (17.65%), and industrial accident in 2 (11.76%) cases. The injury was on the right side in 11 (64.7%) cases and on the left in 6 (35.3%). Surgeries were performed at a mean of 16.4 (8-24) hours after initial admission. Mean duration of hospitalization was 3.1 days. Demographic information, and radiological and clinical outcomes are displayed in Table 1 . Bridging callus formation was observed at the 6 th postoperative week in all patients (Figs. 4, 5 ). Non-union or malunion was not observed. Evaluation of patients according to GraceEversman functional criteria and union rates indicated excellent results in 16 patients and good results in 1 (Table 1) . Brace immobilization was applied for a mean of 2.5 (1-5) days. Immobilization was terminated when patients were able to tolerate the level of pain, and active movement was initiated.
Closed reduction was performed in all patients. No iatrogenic damage to vessels, nerves, tendons, or bone occurred. No additional postoperative fixation, due to insufficient fixation during follow-up, was needed. There were no cases of implant insufficiency, implant break, or mechanical irritation. Following union, 3 patients underwent implant removal by request at a mean of 18 months (range: 16-20 months).
Calculation of wrist and elbow range of motion was performed by goniometer. Mean supination of forearm was 75.35º (range: 67º-80º). Mean forearm pronation was 85.18º (range: 74º-90º). Mean elbow flexion was 143.05º (range: 138º-145º). Mean elbow extension was 0.64º (range: 0º-5º), mean wrist flexion was 75.2º (range: 75º-79º), and mean wrist extension was 79.17º (range: 75º-80º). No significant difference was found between the uninjured and treated arms with respect to range of motion (p>0.05).
In addition, functional results were evaluated; mean DASH score was 12.58 (range: 3.3-32.5). Mean hand grip strength, calculated by hydraulic hand dynamometer, was 50.5 kg (range: 33-110 kg). Mean MRB was 13.45 mm (range: 12.1-14.8 mm), and mean MRBL was 57.55% (range: 49%-64.4%) on radiography. Spearman's correlation analysis was used to detect correlations between functional and radiographic results of the treated forearms. No significant relationship between MRB, MRBL, pronation angle, and hand grip strength was found (p>0.05). The relationship between MRB, MRBL, grip strength, pronation, and supination of treated and uninjured forearms was evaluated using Mann-Whitney U test. A statistically significant difference was determined regarding MRB and MRBL (p<0.05), but no significant difference was found regarding grip strength, pronation, and supination (p>0.05; Table 2 ). A statistically significant difference in hand grip strength was found between males and females (p<0.05), though not between treated and uninjured arms (p>0.05).
DISCUSSION
Adult isolated radial fractures are rare. [4] The main aim in the treatment of radius diaphyseal fractures is to maintain axial and rotational stability, and to preserve bone length. Forearm supination is provided by the rotational movement of radius over ulna. Functional anatomic reduction is mandatory for optimal rotational forearm motion. [1] [2] [3] [4] Displaced radius diaphyseal fracture usually requires surgical treatment. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Köse et al. Intramedullary nailing of adult isolated diaphyseal radius fractures The most commonly used and accepted method is osteosynthesis with plate and screws. [1, 2] The number of studies that have evaluated outcome of isolated radius or isolated ulna fractures is limited. Most studies have been concerned with fractures of both bones of the forearm. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Therefore, as the present study focuses on outcome of treatment of isolated radius fractures, it can be considered a valuable contribution to the literature.
K-wire, ender nails, and rush nails were the fixation materials found in early reports of the intramedullary treatment of forearm fractures. In 1959, the triangular nail was the first to have been specifically designed for the forearm.
[20] However, as initial reports revealed that the nails could not provide satisfactory rotational stability and rates of non-union were high, the intramedullary nail was not widely used for the treatment of forearm diaphyseal fractures. Additional fixation material was required to provide rotational stability, such as long-arm casts, braces, or splint immobilization. More recently, a newly designed radius nail, which provides rotational stability and does not require additional fixation material, has begun to be used in the treatment of radius diaphyseal fractures. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In the present study, a splint was used until patients could tolerate the pain, though splint immobilization was unrelated to the stability of fixation. In patients who could tolerate the pain following splinting, active movements were immediately initiated.
Restoration of radial bowing and preservation of interosseous distance is required for normal forearm function and architecture. Insufficient restoration of radial bowing causes impairment of supination and hand grip strength. [4] Achieving anatomic reduction is more difficult in intramedullary nailing than in open reduction. [21] The femur, tibia, humerus, and ulna have anatomic landmarks that facilitate the evaluation of rotational anatomic reduction. However, no anatomic landmarks are available in the radius to aid in the evaluation of anatomic and rotational stability reduction. [13] The parabolic shape and titanium elastic properties of the radius nail provide rotational stabilization on a 3-point principle. [7] [8] [9] Maintaining anatomic alignment and ensuring that cortical thickness is the same at the distal and proximal ends of the fracture are the most useful aids. [13] Full range of motion during perioperative evaluation of passive supination and pronation after distal static locking demonstrates that exact anatomic reduction has been achieved. [7] [8] [9] Crenshaw reported that static locking is not necessary during intramedullary nailing, [21] as evaluation of the stability of fixation should guide the decision for static locking during surgery. [4] Some radius nails have both proximal and distal locking options, though proximal locking carries certain risks. [5, 6, 18] The radius has two curvatures in the sagittal and coronal planes. [22] There is no guide that allows for both distal and proximal locking. Proximal locking is performed with freehanded technique, is made more difficult by thick muscle tissue and rotational instability, and causes increased exposure to radiation. [5, 6] Plate and screw osteosynthesis provides exact anatomic reduction with restoration of the radial bowing and radial bowing localization. [1, 2, 23] However, certain evidence suggests that despite exact anatomic restoration of radial bowing and interosseous distance, limited rotational motion can be an effect of plate screw osteosynthesis. Fibrosis of the soft tissues, scarring of the skin, adhesion, shortened interosseous distance, and late mobilization can lead to limited forearm rotation. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Differences in the restoration of radial bowing and radial bowing localization were reported in studies that compared plate and screw osteosynthesis with intramedullary nailing, though no significant differences in functional and clinical outcomes were reported. [10] This result is most likely due to short immobilization period and early rehabilitation.
Union rates of 87%-98% have been reported for plate and screw osteosynthesis. [1] [2] [3] Regarding intramedullary nailing, a bone union rate of 97% was reported by Lee et al., [6] 100% by Gao et al., [5] and 94% by Moerman et al. [15] In the present study, the bone union rate was 100% with intramedullary nailing. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Mean time to bone union with plate and screw osteosynthesis was reported as 7.4 weeks by Anderson et al., [25] and as 17 weeks by Leung and Chow. [24] Mean time to union with intramedullary nailing was determined as 10 (9-12) weeks in a study by Ozkaya et al., [16] 3.5 months by Weckbach et al., [13] 14 (9-32) weeks by Lee et al., [6] and 10 (7-12) weeks by Gao et al. [5] Mean time to union in the present study was 10.2 (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) weeks. Time to bone union was similar for both methods.
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Using the Grace-Eversman [26] functional evaluation criteria, Gao et al. [5] reported 72% excellent and good, 17% acceptable, and 11% unacceptable results. Ozkaya et al. [16] reported 80% excellent, 10% good, and 10% acceptable results. Visna et al. [12] reported 88% excellent and good results, and Lee et al. [6] 81% excellent, 11% good, and 8% acceptable results. In the present study, 16 (94%) cases were categorized as excellent and 1 (6%) was categorized as good. With intramedullary nailing of forearm fractures, Lee et al. [6] reported a mean DASH score [19] of 15 (5-61), Gao et al. [5] reported a mean DASH score of 19 (4-72), Lil et al. [17] reported 15 (4-36), and Bansal et al [14] reported 14 . Mean DASH score of the present study was 12.58 (3.3-32.5).
Intramedullary nailing bears certain risks, as does all treatment methods. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The use of nails with too large a diameter can cause iatrogenic fracture, while nails with too small a diameter can cause rotational instability. [4] Use of nails with proximal locking screws risks damaging the posterior interosseous nerve. There is risk to the extensor pollicis longus tendon and the superficial branch of the radial nerve at the point of entry of the nail. [18] Preoperative planning and a cautious approach during surgery minimizes the rate of complications caused by inappropriate nail selection and incorrect surgical technique. [5] No iatrogenic trauma to the bones, vessels, or nerves occurred in the present study. Use of nails without proximal locking screws removes risk of pin damage. [9] Intramedullary nailing, of proximal 1/3 radius diaphyseal fractures in particular, can be considered more advantageous than plate and screw osteosynthesis.
Diverging opinions exist regarding the removal of implants used for fixation of radius diaphyseal fractures. [2, 27, 28] Open and comminuted fractures, fractures caused by high energy trauma, insufficient compression and reduction in comminuted fractures, and concomitant fracture in the same extremity increase the rate of refracture. [27, 28] Removal of the implant within 8 postoperative months decreases the rate of refractures, [29] which generally occur 2-24 months after implant removal. [29] In plate and screw osteosynthesis, cortical atrophy may occur around the screw holes, causing high rate of refracture following implant removal. [2, 27, 29] Intramedullary nailing provides firm peripheral callus, resulting in low refracture rates. [4] Implant removal is performed via the same incision in intramedullary nailing, and even after implant removal, intramedullary nailing has better cosmetic outcomes. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Three patients in the present population requested implant removal after bone union, though no signs of irritation were present. Implants were removed, and no refracture was observed.
Certain limitations affected the present study, including the limited number of cases that would lead to satisfactory statistical results, the short follow-up period, and the limited number of studies in the literature for comparison. Further studies that include more patients with isolated radius fractures and longer follow-up periods are warranted, as are studies that compare clinical outcomes of plate and screw osteosynthesis with those of intramedullary nailing. In order to determine the necessity of restoration of radial bowing and interosseous distance, cadaveric studies and biomechanical studies using the latest technology are necessary.
Conclusion
The newly designed intramedullary radius nails can be applied with closed reduction or with mini-open reduction, resulting in limited soft tissue injury. These nails can be applied with a shorter operating time and have better cosmetic results. They provide reliable stability, do not require additional fixation material, and allow for early active movement. Intramedullary nailing has excellent clinical and functional outcomes, and intramedullary nailing of radius diaphyseal fractures can be a reliable alternative to osteosynthesis with plate and screws.
